During the migration to the site of inflammation, allergic inflammatory cells must overcome several structures that constitute an impregnable barrier under normal conditions. One such structure is the extracellular matrix responsible for closely filling the intercellular space of tissues. The loosening of this tight structure by the activity of specific tissue enzymes, i.e. extracellular matrix metalloproteinases (MMPs), enables the influx of effector cells to the site of inflammation, thus facilitating the development of allergic inflammation and sustaining its presence. Specific tissue inhibitors of metalloproteinases (TIMPs) represent the most important factor involved in the regulation of MMP activity. Under physiological conditions, MMPs and TIMPs co-exist in a particular specific equilibrium, which is disturbed under pathological circumstances. The MMP-2 and MMP-9, referred to as gelatinases, belong to the best-studied MMPs associated with the development of allergic disorders. Their role pertains to the degradation of type IV collagen, the main component of basal membranes; this facilitates the influx of cells to the site of allergic inflammation. K Ke ey y w wo or rd ds s: : extracellular matrix, metalloproteinases, metalloproteinase inhibitors.
Introduction
Extracellular matrix (ECM) is a complex of macromolecules such as collagen, polysaccharides, and glycoproteins, on which the cells rest. Extracellular matrix is involved in the processes of cellular growth and migration, maintenance of cellular shape, and cell-to-cell signaling. The matrix is synthesized by fibroblasts and is mostly composed of glycosaminoglycans, collagen, fibronectin, and laminin; as a result it forms the "glue" that supports the tissues and provides their stability. Under physiological conditions, ECM is constantly remodeled; the dynamic equilibrium between the formation and degradation of ECM molecules enables normal development, remodeling, and repair of tissues [1, 2] .
In the course of an inflammatory reaction, including allergic inflammation, the tight structure of ECM is loosened due to the activity of specific tissue enzymes referred to as matrix metalloproteinases (MMPs). Consequently, various cells can infiltrate the site of ongoing inflamma-tion, enabling its maintenance and modification. Although passive degradation of ECM proteins and facilitation of cellular migration represent the principal functions of MMPs, these molecules can also constitute active modulators of inflammatory reactions, releasing growth factors, cytokines, and their receptors from intercellular space [1, 2] . Moreover, they can be directly involved in the formation of novel receptors on the cellular surface, as well as in immunological processes via direct interaction with molecules anchored to cellular membranes [3] . Under physiological conditions, MMPs control and regulate such developmental processes as angiogenesis, embryogenesis, and tissue remodeling; moreover, they maintain homeostasis of the body and play an important role in the healing processes [4] . Furthermore, MMPs can show hyperactivity under pathological conditions, being actively involved in the pathophysiology of the latter [3] .
Concentration and activity of MMPs are regulated by their natural endogenous tissue inhibitors (TIMPs). Under physiological conditions, these molecules exist in a par-ticular, specific equilibrium. However, this equilibrium is disturbed under pathological conditions associated with tissue destruction; attenuation of MMP hyperactivity is the main function of TIMPs under such circumstances [2, 5] . The TIMPs are multifunctional molecules that play a variety of biological roles aside from their basic function. The TIMP-1 and TIMP-2 show the activity of factors stimulating the growth of hematopoietic progenitor cells; TIMP-1, TIMP-2, and TIMP-3 are involved in retarding the growth of neoplastic tumors, and TIMP-2 can additionally inhibit the growth of endothelial cells [1] . Moreover, TIMPs are also involved in the regulation of apoptosis: TIMP-3 shows pro-apoptotic activity, while TIMP-1 and TIMP-2 act anti-apoptotically [2] . Expression of TIMP-1 and TIMP-2 was observed on B and T lymphocytes and, furthermore, these enzymes were revealed to participate in immunological interactions, including the development of allergic response [6] .
The role MMPs and TIMPs in allergic disorders is unclear. The effects of these enzymes in the pathogenesis of bronchial asthma are quite well documented, but their involvement in the development of allergic rhinitis, chronic urticaria, and atopic dermatitis was proposed quite recently. Gelatinases (MMP-2 and MMP-9) are considered the most important and best-studied MMPs involved in the development of allergic diseases; their role pertains to the degradation of type IV collagen, the main component of basal membranes. Evidence from the literature on the role of MMPs and their specific tissue inhibitors is sparse and the results of previous studies are not infrequently confusing and inconclusive, generating new questions instead of answering the ones already in existence. Taking into account the above implications, the path to understanding the role of metalloproteinases and their inhibitors in the pathogenesis of allergic conditions still seems long and requires many further, welldesigned studies.
Metalloproteinases
Metalloproteinases represent a family of extracellular or membrane endopeptidases that are active in the presence of zinc and calcium ions, in neutral or slightly alkaline environment [7] . These enzymes are released in an inactive form and become activated within the intercellular space. This process results from the removal of 10 kDa peptide from the N-terminal region, which exposes the zinc-containing active region [8] . The MMPs are composed of a catalytic domain and a propeptide containing a signaling peptide responsible for directing these molecules to their target sites [1] .
Metalloproteinases are divided into: 
Metalloproteinase inhibitors
The TIMPs are endogenous proteins, inhibitors of metalloproteinases, with a 21-29 kDa molecular mass. Their expression is controlled during the development and differentiation of tissues [1] . These proteins have two domains: C-terminal domain modulating the binding of TIMPs to MMPs and the N-terminal domain responsible for MMP inhibition [10] . To date, four inhibitors belonging to the TIMP family have been identified, ranging from TIMP-1 to TIMP-4 [1] .
The principal function of TIMPs pertains to the inhibition of impaired activity of MMPs in the course of pathological processes [2] . The TIMPs can play this role due to their specific structure: their shape resembles a wedge able to enter MMP active site in a fashion similar to the substrate. TIMP binds non-covalently to a MMP molecule in a 1 : 1 ratio [1, 2] . In this process, a specific role is played by the N-terminal domain, which chelates the atom of zinc via its amine group [7] . Additionally, the carboxyl group of N-terminal cysteine binds to zinc, blocking the activity of the entire enzyme [2] . Aside from inhibiting active MMPs, TIMPs also block the transformation of proMMPs into the active forms, additionally inhibiting the activity of the latter [11] .
Matrix metalloproteinases -tissue inhibitors metalloproteinases equilibrium
Under physiological conditions, the concentration of MMPs is regulated by their natural endogenous
The role of extracellular matrix metalloproteinases and their inhibitors in allergic diseases inhibitors (TIMPs), as well as by the natural non-specific protease inhibitors: α 2 -macroglobulin, and α 1 -antiprotease. Both MMPs and TIMPs are released by the same cells: monocytes, macrophages, lymphocytes, granulocytes, blood platelets, fibroblasts, keratinocytes, myocytes, neurons, astrocytes, endothelial cells, and hepatocytes, as well as by neoplastic cells [1, 11] . Typically, TIMPs and MMPs co-exist in a particular, specific equilibrium [1] . However, the equilibrium between MMPs and TIMPs is disturbed under pathological conditions associated with tissue destruction. Although concentrations of MMPs and TIMPs are elevated in involved tissues, the increase in TIMP concentration does not fully compensate for elevated MMP activity [5] .
Aside from being modulated by TIMPs, the tissue activity and concentration of MMPs depend on an array of other factors, such as inflammatory cytokines, growth factors (epidermal growth factor -EGF), hormones (steroids, parathormone -PTH), products of bacterial degradation (lipopolysaccharide -LPS), metal ions, oxidants, detergents, proteolytic enzymes, plasmin, and serpins -the inhibitors of serine proteases. Furthermore, their activity is significantly modulated by the pH of the intercellular environment [12] .
Interleukin 1 and tumor necrosis factor α (TNF-α), as well as transforming growth factor β (TGF-β), interleukin-6 (IL-6), and IL-10 are the main cytokines regulating the expression of MMPs and TIMPs. Interleukin-1 induces the activity MMPs and inhibits the synthesis of TIMP-1. The effect of TNF-α is similar to that of IL-1, and the two cytokines act synergistically, which potentiates their effects. In contrast, TGF-β and steroid hormones inhibit MMPs synthesis [6, 13] . Other factors that activate the expression of MMPs include VEGF, prostaglandins (PGE2 and PGF2α), and oncogenes. They modulate the expression of fas and jun genes, whose products form AP-1 transcription factors. These factors bind to the relevant sequences of DNA, stimulating transcription of the metalloproteinase gene [11] . Another activating cytokine, extracellular matrix metalloproteinase inducer (EMMPRIN), released by matrix cells, keratinocytes, and neoplastic cells also stimulates fibroblasts to secrete MMP [14] .
Aside from endogenous mechanisms, exogenous mechanisms able to regulate MMP activity were also documented. The activation of MMPs can be induced by various inorganic compounds (cyanide, potassium iodide, dodecyl sodium sulfate), mercury-containing organic compounds (4-aminophenylmercuric acetate -APMA), urea, and oxidative stress. Conversely, factors with a documented inhibitory activity include diphosphates and tetracyclines. The mechanism of their action pertains to the chelation of calcium and zinc ions necessary for normal functioning of MMPs. Their role was confirmed by the fact that this process can be reversed by the excess of calcium and zinc ions [15] . Other inhibitors of MMPs include some of the biological agents used in the thera-py of rheumatoid arthritis, e.g. interferon-γ (IFN-γ) and IL-4, as well as dexamethasone and indomethacin. These compounds are effective by inhibiting the production of PGE-2 and cAMP, both participating in MMP synthesis [16] .
Currently, MMPs and their endogenous inhibitors are the subject of extensive research that deals with their role in various pathological processes. To date, their role was unambiguously confirmed in such processes as the progression of neoplastic and cardiovascular disorders, Alzheimer's disease, autoimmune disorders (rheumatoid arthritis, systemic lupus erythematosus), liver cirrhosis, and Crohn's disease, as well as in the development of gastric and duodenal ulcers [4, 17, 18] .
Matrix metalloproteinases and tissue inhibitors metalloproteinases in allergic disorders
The role of MMPs and TIMPs in allergic disorders is not fully understood. This results from a small number or even lack of studies on their role in the pathogenesis of various conditions. The most important and best-studied MMPs associated with the development of allergic disorders include MMP-2 and MMP-9, referred to as gelatinases. They are principal MMPs involved in the influx of inflammatory cells to the site of allergic inflammation resulting from the degradation of type IV collagen, the main component of basal membranes. This is reflected by loosening the structure of cells and basal membranes and exposition of previously hidden collagen sites; the latter facilitate the tissue migration of inflammatory cells by binding to integrin α v β 3 located on their surface [14] .
B Br ro on nc ch hi ia al l a as st th hm ma a
Both MMPs and TIMPs play an active role in the airway remodeling of bronchial asthma patients. It is postulated that MMP-induced injury of ECM directly precedes airway fibrosis. The MMP-9 (gelatinase B) is the best described and most specific for bronchial asthma. It is not synthesized in healthy pulmonary tissue under physiological conditions, but can be released by many types of cells involved in the inflammatory process during exacerbation of asthma [19] . Bellegulic et al. revealed that the exacerbation of asthma is associated with an increase in serum concentration of MMP-9, while the activity of MMP-2 remains unchanged. Consequently, they suggested that MMP-9 can serve as a novel, non-invasive marker of inflammation and remodeling of bronchial tree [20] . Also, Oshita et al. observed a statistically significant increase in MMP-9 during asthma exacerbation as compared to controlled asthma; this correlated with inflammatory infiltration and bronchial remodeling. In contrast, they did not observe significant changes in MMP-2 and TIMP-1 [21] . Ko et al. reported slightly different findings: they revealed an increase in both MMP-9 and TIMP-1 in The role of extracellular matrix metalloproteinases and their inhibitors in allergic diseases groups of patients with severe bronchial asthma and mucus hypersecretion as compared to a group of healthy individuals [22] . Mautino et al. observed quantitative abnormalities of MMP-9/TIMP-1 in asthma patients. The rate of collagen, proteoglycans, and elastin degradation was reduced due to the excess of TIMP-1 despite increased or normal activity of MMP-9 and was reflected by the bronchial wall accumulation of these compounds and resultant remodeling [23] . Matsumoto et al. revealed a positive correlation between an increase in TIMP-1 concentration and the thickness of the bronchial wall in bronchial asthma patients, as well as the negative correlation between MMP-9/TIMP-1 ratio and the increase in airway wall thickness and irreversible obturation [24] . A proportional relationship was observed between MMP-9/TIMP-1 ratio in the induced sputum, or FEV1 of examined patients. Higher concentrations of MMP-9 in BALF correlate with the airway influx of neutrophils in patients subjected to antigen provocation and are, to a small degree, inhibited by oral glucocorticoids. Furthermore, a positive correlation was observed between MMP-9 and TIMP-1 concentrations and the number of neutrophils in the sputum of examined subjects [20, 24] .
Neutrophil is the most important cell secreting MMP-9 in asthma patients; the neutrophil secretion of this enzyme is approximately five-fold higher than that of eosinophils [25] . Van den Steen et al. confirmed the expression of MMP-9 molecules on the surface of activated polynuclear granulocytes. This membrane-bound form of MMP is responsible for the degradation of type IV collagen, gelatin, elastin, and α 1 -antiprotease inhibitor and is resistant to inactivation by TIMP. The IL-8 activates neutrophils and stimulates them to the release MMP-9. In turn, MMP-9 modifies IL-8 molecule by splicing a sixamino acid peptide; as a result, IL-8 gains 10-to 27-fold stronger potential with regards to neutrophil activation, which increases the release of MMP-9 in a mechanism of positive reverse feedback [26] .
A At to op pi ic c d de er rm ma at ti it ti is s Atopic dermatitis is a chronic inflammatory condition associated with the impairment of the epidermal barrier. Data on the role of MMPs in the inflammation associated with atopic dermatitis are still sparse. Quite recently, Harper et al. have revealed that the activity of MMPs in skin lesions associated with atopic dermatitis is approximately five-fold higher than in unaffected regions and as many as 10 to 24 times higher than in the healthy individuals. Furthermore, elevated levels of MMP-8 and MMP-9 were documented in atopic dermatitis patients, while the levels of MMP-10, TIMP-1, and TIMP-2 were markedly lower than in healthy individuals [27] . Also, Devillers et al. observed an elevated serum level of MMP-9 in atopic dermatitis patients as compared to a group of healthy indi-viduals [28] . In contrast, Katoch et al. found a higher serum level of TIMP-1, but not MMP-3, in a group of patients with exacerbated atopic dermatitis. Additionally, they observed that the level of TIMP-1 is significantly reduced following the treatment of exacerbation [29] .
U Ur rt ti ic ca ar ri ia a
An elevated serum level of MMP-9 was also documented in chronic urticaria patients [30] . The level of MMP-9 correlated positively with symptom severity, being the highest in individuals with severe urticaria. The MMP-9 is postulated to facilitate the influx of inflammatory cells to the site of inflammation via the degradation of type IV collagen. Upon activation, these cells are able to release MMP-9 in the course of being involved in tissue injury, enhancing the vicious circle of allergic reaction [30] . Tedeschi observed an increase in both MMP-9 and TIMP-1 levels in chronic urticaria patients. Moreover, it was also noted that the level of MMP-9 correlates positively with CRP concentration, but not with the response to the administration of autologous serum and the serum level of circulating histamine-releasing factors [31] . Also, Caproni et al. observed elevated plasma levels of MMP-9 in chronic urticaria that was correlated with the degree of disease severity [32] . In contrast, Altrichter et al., based on their analysis of serum MMP-9 as the activity marker of chronic urticaria, concluded that while the level of this parameter was significantly higher as compared to the healthy controls, it did not change significantly in relation to disease severity. Furthermore, serum levels of MMP-9 in urticaria patients were comparable to those in individuals with psoriasis. The authors concluded that the serum level of MMP-9 should not be determined in the evaluation of the effectiveness of urticaria treatment and is not a useful marker of the degree of disease exacerbation [33] . An interesting study was conducted by Antiga et al. in which differences in serum levels of MMP-2, MMP-9, TIMP-1, and TIMP-2 were analyzed in patients with chronic idiopathic urticaria, autoimmune urticaria, and healthy individuals. The only significant difference pertained to MMP-9 in the group of patients with autoimmune urticaria and in those with chronic urticaria (284 ng/ml vs. 108 ng/ml). Furthermore, all individuals with autoimmune urticaria had MMP-9 levels higher than 188 ng/ml (not observed in the other groups). This suggests that serum MMP-9 can be potentially used as a specific marker for this type of urticaria [34] .
A Al ll le er rg gi ic c r rh hi in ni it ti is s
Matrix metalloproteinases play a significant role in the etiopathogenesis of allergic conditions of nasal mucosa. Under such circumstances, the principal role is played by MMP-9, which degrades intercellular matrix in a fashion similar to other conditions. This is reflected by the influx of inflammatory cells. Neutrophils constitute the principal source of MMP-9 [35] . Bugdayci et al. documented elevated levels of MMP-9 in patients with nasal polyps associated with allergic rhinitis. This level was significantly higher than in individuals with nasal polyps not accompanied by allergic rhinitis [36] . Also Leonardi et al. observed that the level of MMP-9 in nasal polyp biopsies is significantly higher than in the specimens of nasal mucosa obtained from healthy individuals. Furthermore, the level of MMP-9 correlated positively with tissue eosinophilia and CD4 + lymphocyte count [37] .
A Al ll le er rg gi ic c c co on nt ta ac ct t d de er rm ma at ti it ti is s
Presently ongoing studies are focused on the role of MMPs in allergic contact dermatitis (ACD). According to Wang et al., MMP-3 is an important factor in the initiation of ACD-associated inflammation as it induces T lymphocyte proliferation in response to a specific antigen. Furthermore, MMP-9 is responsible for maintaining skin's inflammatory response [38] . Lebre et al. revealed that MMP-9 plays a crucial role in the dermo-epidermal migration of Langerhans and dendritic cells [39] . Additionally, increased levels of MMP-2 and MMP-9 were observed in the affected skin of ACD patients; although, they were not accompanied by elevated serum activities of these enzymes [40] . Moreover, the results of a recent study by Reduta et al. suggest that TIMP-1 also plays an important role in ACD. Probably, an increased level of this enzyme reflects lower activity of skin inflammation and can, therefore, serve as a marker of remission [41] .
Among others, extensive studies dealing with the role of MMPs and TIMPs in the pathogenesis of various disorders verified possible therapeutic application of specific MMP inhibitors. Such studies were undertaken in the case of allergic conditions as well. In particular, they were concentrated on bronchial asthma and analyzed the potential effect of a specific MMP inhibitor (marimastat) on the outcome of the disease. Following 3 weeks of administration of the inhibitor, no significant reduction in bronchial hyperresponsiveness to antigen challenge was observed. Moreover, the agent did not modulate the cellular profile of sputum, concentration of exhaled NO, or FEV 1 [42] .
Conclusions
This review of the most important studies dealing with the role of MMPs and TIMPs in the pathogenesis of allergic disorders highlights an unusual paucity of literature data with regard to the problem in question (with the exception of evidence from bronchial asthma patients). Moreover, the results of available studies are not infrequently conflictive and inconclusive and raise new questions instead of answering the ones already in existence. Finally, literature lacks any published research of the role of MMPs and TIMPs in the allergic type of food sensitivity. In view of the aforementioned implications, the path to understanding the role of metalloproteinases and their inhibitors in the pathogenesis of allergic conditions still seems long, and requires many further, welldesigned studies.
